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GENERATING PULSE PARAMETERS IN A
PARTICLE ANALYZER

PRIORITY CLAIM

This patent application claims priority pursuant to 335
US.C. §119(e) to U.S. Provisional Patent Application

61/312,616, filed on Mar. 10, 2010, which 1s hereby 1incorpo-
rated by reference 1n 1ts entirety.

BACKGROUND

1. Field of the Invention

This invention relates to the analysis of particle samples
using a particle analyzer.

2. Background

Particle analyzers enable the rapid analysis of particle
samples to detect various characteristics of the sample as well
as to detect characteristics of the individual particles. Some
particle analyzers also include functionality to sort the par-
ticles according to one or more detected characteristics.

Particle analyzers, such as flow cytometers and hematol-
ogy analyzers, are frequently used to analyze biological cell
samples such as blood or tissue. In a flow cytometer, a cell
sample 1s subjected to interrogation in an interrogation area
along the flow path of the sample. Typically, cells 1n a sheath
fluid pass through a flow cell, one by one, where they are
interrogated by probes, including one or more beams of light.
For example, one or more laser light sources can be posi-
tioned 1n the flow cell along the path of flow of the cell stream.
In other flow cytometers, such as 1n jet-in-air flow cytometers,
cells 1n a sheath fluid are interrogated by one or more probes
outside of a flow cell. Several measurements are generated for
cach passing cell. As a cell passes through the interrogation
area, resulting light characteristics, such as light scatter, light
loss, and fluorescence, are measured by detectors. The mea-
sured light characteristics are used to generate corresponding
clectrical pulses for each interrogated cell. The electrical
pulses are analyzed to determine parameters of the cell, such
as, pulse peak, pulse width, and pulse area. A sorting flow
cytometer, for example, can sort cells of different types mnto
receptacles.

Prior to being interrogated, the cell sample can be prepared
using various tluorochromes and/or reagents to mark specific
cell types. Each fluorochrome and/or reagent can bind to cells
of different types. As the cells pass through the interrogation
area, laser light sources excite the fluorochromes and/or
reagents. By increasing the number of different fluoro-
chromes and/or reagents that can be detected, a cell sample
can be analyzed for the presence of an increasing range of cell
types. However, each laser light source, for example, can only
excite tluorochromes within a limited wavelength range. It 1s
thus desirable to use multiple laser light sources to enable the
detection of a broader range of wavelengths and frequencies.

But, multiple laser light sources that are positioned along
the flow path of the cell stream can lead to increased coinci-
dence and spillover if the distances between the light sources
are too small. Coincidence, 1.e., the detection of more than
one particle within a detection window, leads to aborting of
alfected particles from the analyzed sample. Spillover, 1.e.,
the detection of the optical response generated by adjacent
light sources, cause neificiencies due to the need to compen-
sate for spillover effects. Theretfore, to avoid increased coin-
cidence and spillover, the laser light sources are positioned
with substantial distance between each other. By increasing,
the distance between the multiple laser light sources, the
elficiency of the particle analyzer can be improved by reduc-
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2

ing coincidences and spillover. Increased distance between
light sources also enables the analysis of a range of particle

s1zes, thus 1increasing the utility of the particle analyzer even
more. However, increasing the distance between laser light
sources led to unexpectedly finding that the parameters gen-
erated for particles are often not accurate when the distances
between laser light sources are increased.

Therefore, 1t 1s desired to improve the accuracy of param-
eters generated 1n particle analyzers that utilize multiple light
sources.

BRIEF SUMMARY

The present mvention 1s directed towards the analysis of
particle analyzer data. In one embodiment, a method of gen-
crating measurement parameters for a particle sample 1n a
particle analyzer, includes: interrogating the particle sample
with interrogators respectively positioned along a length of an
interrogation area, the mterrogators comprising a triggering
interrogator and one or more secondary interrogators; gener-
ating respective pulses based upon the interrogation of a first
cell from the particle sample, wherein the pulses comprise a
triggering pulse corresponding to the triggering interrogator
and a secondary pulse corresponding to one of the secondary
interrogators; determining a primary pulse detection window
based upon the triggering pulse; determining a search interval
to find the secondary pulse based upon factors including the
primary pulse detection window and a laser delay; adjusting
the search interval for laser delay variation dynamically based
on the interrogation of first particle; identifying the secondary
pulse 1n the adjusted search interval; and processing the sec-
ondary pulse to determine a peak value of the secondary
pulse.

In another embodiment, a method of generating measure-
ment parameters for a particle sample 1n a particle analyzer,
includes: interrogating the particle sample with interrogators
respectively positioned along a length of an interrogation
area, the interrogators comprising a triggering interrogator
and one or more secondary interrogators; generating respec-
tive pulses based upon the interrogation of a first cell from the
particle sample, wherein the pulses comprise a triggering,
pulse corresponding to the triggering iterrogator and a sec-
ondary pulse corresponding to one of the secondary interro-
gators; determining a primary pulse detection window based
upon the triggering pulse; determining a secondary pulse
detection window based upon factors including the primary
pulse detection window and a laser delay; detecting charac-
teristics of a perturbation signal applied to the first particle;
shifting the secondary pulse detection window based upon the
characteristics of the perturbation signal. identifying the sec-
ondary pulse 1n the adjusted search interval; and processing
the secondary pulse to determine measurement parameters of
the secondary pulse.

Yet another embodiment 1s a particle analyzer including at
least one processor, a particle interrogator, and a pulse ana-
lyzer. The particle interrogator 1s configured to: interrogate a
particle sample with interrogators respectively positioned
along a length of an interrogation area, the interrogators coms-
prising a triggering interrogator and one or more secondary
interrogators; and generate respective pulses based upon the
interrogation of a first cell from the particle sample, wherein
the pulses comprise a triggering pulse corresponding to the
triggering interrogator and a secondary pulse corresponding
to one of the secondary interrogators. The pulse analyzer
includes a primary pulse detection window creator config-
ured to determine a primary pulse detection window based
upon the triggering pulse, a secondary pulse detection win-
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dow creator configured to determine, based upon factors
including the primary pulse detection window and a laser
delay, a search interval corresponding to one of said second-
ary interrogators, and a secondary pulse parameter generator.
The secondary pulse detection window creator can also be
configured to adjust the search interval for laser delay varia-
tion dynamically based on the interrogation of the first par-
ticle. The secondary pulse parameter generator 1s configured
to 1dentily a secondary pulse 1n the adjusted search interval,
and process the secondary pulse to determine a peak value of
the secondary pulse.

Further features and advantages of the present invention, as
well as the structure and operation of various embodiments
thereot, are described 1n detail below with reference to the
accompanying drawings. It 1s noted that the invention 1s not
limited to the specific embodiments described herein. Such
embodiments are presented herein for illustrative purposes
only. Additional embodiments will be apparent to persons
skilled 1n the relevant art(s) based on the teachings contained
herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an exemplary particle analyzer, according to an
embodiment of the present invention.

FIG. 2 1s an 1llustration of an exemplary pulse and 1its
corresponding detection window.

FIG. 3 1s an illustration of the effects of introducing a
perturbation signal 1n a particle analyzer.

FIG. 4 1s an illustration of characteristics of a pulse with
respect to characteristics of a perturbation signal applied to
the cell stream.

FI1G. 5 1s an 1llustration of a pulse analyzer, according to an
embodiment of the present invention.

FIG. 6 1s an illustration of a method to accurately generate
parameters 1 a particle analyzer, according to an embodi-
ment of the present invention.

FIG. 7 1s an 1illustration of a method to expand a search
interval beyond the secondary pulse detection window,
according to an embodiment of the present invention.

FIG. 8 1s an illustration of a method for calculating a peak
value of a pulse, according to an embodiment of the present
invention.

FI1G. 9 1s an 1llustration of a method to determine a second-
ary pulse detection window, according to an embodiment of
the present invention.

FIG. 10 1s an 1llustration of the relationship between the
phase of the perturbation signal applied to the stream, and the
arrival time of a pulse relative to the corresponding pulse
detection window.

FIG. 11 1s an 1llustration of a method for adjusting the
secondary pulse detection window, according to an embodi-
ment of the present invention.

The features and advantages of the present invention will
become more apparent from the detailed description set forth
below when taken in conjunction with the drawings. In the
drawings, like reference numbers generally indicate identi-
cal, functionally similar, and/or structurally similar elements.
Generally, the drawing in which an element first appears 1s
indicated by the lettmost digit(s) in the corresponding refer-
ence number.

DETAILED DESCRIPTION

The present invention relates to particle analysis. While the
present invention 1s described herein with reference to illus-
trative embodiments for particular applications, 1t should be
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understood that the mvention 1s not limited thereto. Those
skilled 1n the art with access to the teachings herein waill
recognize additional modifications, applications, and
embodiments within the scope thereof and additional fields 1n
which the mvention would be of significant utility.

As described 1n the background section above, it 1s desired
that multiple optical interrogators, such as laser sources and
detectors, are available to interrogate a cell sample. Multiple
laser interrogators, each capable of exciting and detecting
light from a part of the frequency spectrum, positioned along
the length of an interrogation area in the flow path of the
sample can subject the cell sample to interrogation over a
wide range of wavelengths and frequencies, thus increasing
the utility and effectiveness of a single run of the cell sample
through the particle analyzer. Other factors, such as, the
decreasing cost of lasers, availability of an increasing variety
of fluorochromes, and the availability of increased processing
power, facilitate the development of particle analyzers with a
larger number of optical interrogators than available on con-
ventional devices. However, the inventors discovered that
increasing the number of optical interrogators, and more par-
ticularly, increasing the distance between optical interroga-
tors, can introduce unintended consequences and 1nconsis-
tencies 1n the generation of parameters that describe the
properties of particles. In some particle analyzers, such as
sorting flow cytometers, where the cell stream flowing
through the interrogation area 1s perturbed (e.g., to facilitate
forming of drops to enable sorting) the errors mvolved 1n
generating parameters according to conventional methods 1n
devices with a larger number of optical interrogators can be
substantial. Embodiments of the present invention enable the
generation of accurate parameters, such as pulse peak, pulse
width, and pulse area, in particle analyzers having multiple
optical interrogators. By enabling the use of multiple optical
interrogators, embodiments of the present invention increase
the ability of a particle analyzer to detect a variety of particle
characteristics 1n a single run. By enabling multiple optical
interrogators to be placed at substantial distances from each
other while still generating accurate parameters, embodi-
ments of the present invention increase the efficiency of par-
ticle analyzers by reducing or eliminating coincidence and
spillover. In addition, by permitting multiple optical interro-
gators to be placed at substantial distances from each other,
embodiments of the present invention enable the analysis of
particles of various sizes, for example, by using different
nozzle configurations.

Particle Analyzer

FIG. 1 1s an illustration of a particle analyzer 100, accord-
ing to an embodiment of the present invention. Particle ana-
lyzer 100 can, for example, be a sorting flow cytometer.
Particle analyzer 100 comprises one or more processors 102,
a memory 103, a storage 104, a particle interrogator 103, and
apulse analyzer 106. In some embodiments, particle analyzer
100 can also include a data analyzer 107 and a display 108.

One or more processors 102 can include one or more of, a
central processing unit (CPU), a field programmable gate
array (FPGA), an application specific integrated circuit
(ASIC), digital signal processor (DSP), or like instruction
processing device. Memory 103 generally includes a volatile
memory such as random access memory for temporary stor-
age of data and processing instructions. Storage 104 generally
includes non-volatile storage for storing processing instruc-
tions, configuration data, particle data, and results of process-
ing. Storage 104 can include computer readable storage medi-
ums such as hard disk, flash storage, optical disk, floppy disk,
and the like. Particle interrogator 105 enables a particle
sample to be subjected to interrogation by multiple light
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sources 1n an interrogation area. Pulse analyzer 106 includes
the functionality to generate parameters corresponding to
individual particles in the particle sample. For example, pulse
analyzer 106 accepts as input electrical pulses generated by
the particle interrogator 103 for respective particles, and gen-
crates parameters such as a pulse peak, pulse width, and pulse
area. Pulse analyzer 106 1s further described below with
respect to FIG. 5. The parameters generated 1n pulse analyzer
106 are then processed by data analyzer 107 and reported
and/or displayed using display 108. Communications 1nfra-
structure 109 interconnects the various components of par-
ticle analyzer 100, and can include connection devices, such
as, peripheral component interconnect (PCI) bus, universal
serial bus (USB), Firewire, Ethernet, or like devices.

Data analyzer 107 recetves parameters generated by pulse
analyzer 106 and further reports and/or processes the data by
classiiying, counting, and analyzing the data. Data analyzer
107 can include functionality to filter the recerved data for
erroneous data. Some embodiments of the present invention
improve the quality of the parameters that are submitted to
data analyzers such as data analyzer 107. Data analyzer 107
and/or display 108 can be external to the particle analyzer 100
in some embodiments. Data analyzer 107, for example, can
be configured on a separate computer coupled to the particle
analyzer 100 through a network (not shown). In an embodi-
ment data analyzer 107 can include analysis software such as
SUMMIT™ flow cytometric data analysis software from
Beckman Coulter.

Particle interrogator 105 includes a particle sample dis-
pensing area 112, a sample mjecting nozzle 113, an interro-
gation area 114, a plurality of light sources 116, a plurality of
light detectors 118, and an electrical pulse generator 120.
Particle sample dispensing area 112 provides for holding a
particle sample 126 and a sheath fluid 128. A particle sample
can, for example, be a whole blood sample or a whole blood
sample prepared by adding one or more fluorochromes and/or
reagents.

Nozzle 113 enables the injecting of the particle sample,
including the sheath fluid, to be injected into the interrogation
arca 114. Nozzle 113 1s, 1n general, configured to 1nject a
hydro-dynamically focused particle sample such that par-
ticles, such as particle 130, flow through interrogation area
114 1n single file, one particle after another. In some embodi-
ments, nozzle 113 can be configured with the size of nozzle
(1.e., diameter of nozzle) and the sheath fluid pressure.

Over the length of mterrogation area 114, a plurality of
light sources 116 and a plurality of corresponding light detec-
tors 118 are positioned. Interrogation area 114, 1 some
embodiments, can comprise a flow cell. In some embodi-
ments, such as 1n jet-in-air tlow cytometers, interrogation area
can comprise an area, not within a flow cell, in the tflow path
of the particle sample. A pairing of light source and corre-
sponding detector can be referred to as an interrogator. In the
illustrated embodiment, seven light sources 116 and seven
corresponding light detectors 118 are shown positioned along
the length of the interrogation area. In an embodiment, light
sources 116 can comprise laser light sources having different
wavelengths. In the interrogation area, respective ones of the
light sources 116 i1lluminate each particle as it passes through
a detection area corresponding to the respective light source,
and the resulting optical signals including light scatter and/or
fluorescence are detected by the corresponding detectors 118.
Each detector can comprise a pinhole (not separately shown)
and an optical detector to detect light scatter and/or tluores-
cence. The optical signals from each detector are converted to
respective electrical signals, such as voltage signals, by the
clectrical pulse generator 120. The resulting electrical signal
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corresponding to the optical response generated by the inter-
rogation of a single cell by an 1nterrogator 1s referred to as a
pulse. The pulses are processed by pulse analyzer 106 to
identily various parameters corresponding to particles and to
provide the parameters to data analyzer 107. Pulse analyzer
106, based on 1dentified parameters, can also control the
operation of the particle interrogator 106 through, for
example, a control module (not shown) to perform such tasks
as configuring the nozzle, configuring the light sources and
detectors, and configuring the optional particle sorter 122.

In some embodiments, a particle sorter 122 1s used to sort
particles according to various characteristics. Associated
with particle sorter 122 are a particle charging device 136 and
a perturbation generator 124. Perturbation generator 124 can
be associated with nozzle 113 to generate a perturbation of the
particle stream injected into the interrogation area. In an
embodiment, perturbation generator 124 1s located in a nozzle
assembly, such as nozzle 113, above the nozzle exit. For
example, a pressure wave corresponding to a sine wave can be
generated by the perturbation generator. The pressure wave 1s
configured so that the particle stream can deterministically
form droplets, ideally with each droplet containing a single
particle, 1n a droplet forming area 132. In an embodiment,
perturbation generator 124 comprises a piezoelectric crystal
oscillator with a configurable oscillating frequency. In an
embodiment, the frequency, amplitude, and phase of the per-
turbation wave are configurable. The droplet forming area
132 occurs after the optical interrogators in the path of the
particle stream 1n the interrogation area. An electrical charge
can be applied to each droplet by a charging device 136. In an
embodiment, charging device 136 1s located 1n the droplet
forming area 132. In another embodiment, charging device
may be located before the interrogation area. For example, a
charging device located above the interrogation area can con-
vey a charge to a droplet in droplet forming area 132 through
the sheath tluid. The droplet can be charged according to the
characteristics of the particle contained 1n the droplet. When
a droplet enters the sorter, charged plates 138 direct the drop-
let to one of the receptacles 140. Particle sorter 122 1s con-
figured to have each of the receptacles 140 collect particles
with like characteristics.

The mterrogation of a particle sample includes 1njection of
the sample, with or without perturbation, into the interroga-
tion area and the interrogation of particles by probes along the
interrogation area. As noted previously, each interrogator
causes a pulse representing same or different aspects of the
same particle to be generated. Pulse analyzer 106 receives a
signal stream contaiming the generated pulses from the par-
ticle interrogator 105, and 1s configured to identify pulses
corresponding to each respective particle and interrogator.

The spatial interval between respective light sources 116
can be determined based on various criteria, such as, the
number of light sources, length of the interrogation area, size
ol particles, the amplitude of the pressure wave that can be
generated to encourage drop-forming, power of the light
sources, cell event rate, level of tolerable error, and the like.

Positioning light sources close to each other can increase
spectral overlap by allowing signals corresponding to adja-
cent spectral frequencies to spillover to the detection ranges
of each other. Spectral overlap 1s undesirable because addi-
tional compensation 1s required to obtain valid signals for
analysis. However, when light sources are spaced further
apart, variations can occur as to the time when a particle
actually passes through the detection area of a detector and
the time at which 1t was expected 1n the detection area. When
perturbation of the particle stream 1s introduced, such as by
using perturbation generator 124, the variation in velocity
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among particles 1s increased which 1 turn can lead to
increased errors in detecting pulses. Conventional particle
analyzers did not, to the knowledge of the mnventors, recog-
nize the relationship between the inter-interrogator spacing,
arrival time of pulses at secondary interrogators, and the
perturbation signal applied to the cell stream. Embodiments
of the present invention incorporate features 1in particle ana-
lyzers to overcome 1naccuracies in generated parameters
when such a relationship exists.

FI1G. 2 1s an 1llustration of a pulse, a pulse detection win-
dow, and pulse detection threshold. Pulse analyzer 106
detects pulses in the incoming signal stream from the particle
interrogator by creating a pulse detection window corre-
sponding to a particular interrogator and then finding a pulse
relative to that detection window. Pulse 201, for example, 1s
seen within pulse detection window 203. Pulse 201 1s
detected as a pulse when the corresponding signal remains at
or above a pulse detection threshold 205. The pulse detection
threshold 205 can be preconfigured. In the triggering iterro-
gator, the detection window width 1s determined based on the
duration of the pulse above the threshold. The triggering
interrogator can be user selectable. For example, the interro-
gator closest to the input to the interrogation area can be
selected as the triggering interrogator. The triggering interro-
gator can be selected based on the type of cell sample and/or
type of analysis that 1s desired. The pulse and the pulse detec-
tion window corresponding to the trigger interrogator can be
referred to as, respectively, primary pulse and primary pulse
detection window. Non-trigger interrogators, corresponding
pulses, and corresponding detection windows, are referred to
as, respectively, secondary interrogator, secondary pulse, and
secondary pulse detection window. Laser delay (LD) 1s the
distance 1n time between the primary pulse detection window
and a secondary pulse detection window. The laser delay can
be dependent on the spatial distance between the respective
interrogators and the velocity of respective particles.

Laser Delay Variation

FI1G. 3 1s an illustration of the differences that can be caused
by introducing a perturbation to the particle stream when
multiple optical interrogators are positioned along an inter-
rogation area so that substantial laser delays exist between
interrogators. As described above, the perturbation may be a
pressure wave introduced to the particle stream. The pertur-
bation can be introduced using a perturbation generator 124
positioned within or 1n proximity to nozzle 113. Graph 301
illustrates FITC (a type of tluorescence) and side scatter mea-
surements based on the pulse corresponding to the trigger
interrogator when there 1s no perturbation. Graph 305 1llus-
trates the same measurements for the same sample based on
the pulse corresponding to the first interrogator when a per-
turbation has been introduced. Graphs 301 and 305 illustrate
that the pulses corresponding to the trigger interrogator are
not substantially affected by the perturbation, 1.¢., despite the
perturbation the pulse corresponding to the first interrogator
can be accurately determined. In this example, the trigger
interrogator 1s configured as the first, 1.e., closest to the
nozzle, of seven interrogators.

However, graphs 302 and 306 represent, fluorescence mea-
surements based on the pulses corresponding to the last inter-
rogator that 1s located furthest from the first interrogator.
Graph 302, as shown by the narrow variation in fluorescence
measurements, 1llustrates that when there 1s no perturbation,
the pulses can be measured without substantial error even at
the seventh interrogator. Graph 306, however, as shown by the
wide variation in fluorescence measurements, 1llustrates that
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when perturbation exists in the particle stream, the measure-
ments corresponding to the distant interrogators can have a
substantial variance.

FIG. 4 1s an exemplary illustration of pulses relative to
corresponding pulse detection windows. Pulses 401 and 403,
respectively show that the pulse detected for the trigger inter-
rogator (1.e., primary 1nterrogator) 1s positioned accurately
within the corresponding pulse detection window, 1n the cases
of some perturbation (e.g., a perturbation signal amplitude of
15V), and a relatively high level of perturbation (e.g., a per-
turbation signal amplitude of 40V). When perturbation signal
amplitude 1s at 15V, pulses 407 and 408, that respectively
represent the corresponding pulses at an interrogator preced-
ing the trigger interrogator in the interrogation area and an
interrogator positioned after the trigger interrogator, 1llustrate
that they can have substantial portions of the pulse either
betore or after the corresponding pulse detection window.
Pulses 410 and 411 1llustrate that, when perturbation signal
amplitude 1s increased, the difference in arrival of the pulse
with respect to the corresponding pulse detection window
increases. For example, the expected arrival time can be mea-
sured relative to the center of the pulse detection window. The
difference in arrival times of the pulse compared to the
expected arrival time based on the corresponding pulse detec-
tion window 1s referred to as laser delay variation (LDV).
Thus, the laser delay variation increases with the increase 1n
the perturbation amplitude.

Pulse Analyzer

FIG. 5 1s an 1llustration of a pulse analyzer 106. According
to an embodiment, pulse analyzer 106 comprises a primary
pulse detection window creator 502, a primary pulse param-
cter generator 504, a secondary pulse detection window cre-
ator 506, and a secondary pulse parameter generator 508. It 1s
understood that other components, such as a control module
(not shown) to control the particle interrogator 105 based on
generated parameters can be imncluded 1 pulse analyzer 106.
Pulse analyzer 106 can be implemented 1n software, firm-
ware, hardware, or any combination thereof. In an embodi-
ment, pulse analyzer 106 1s implemented in FPGA firmware.

Primary pulse detection window creator 502, 1n an embodi-
ment, 1s configured to determine the primary pulse detection
window for each particle detected in the interrogation area.
The determining of the primary pulse detection window 1s
described below with respect to FIG. 6.

Primary pulse parameter generator 504, in an embodiment,
1s configured to determine parameters such as pulse peak,
pulse width, and pulse area, for each particle, based on the
primary pulse. The determination of primary pulse param-
eters 1s described below with respect to FIG. 6.

Secondary pulse detection window creator 506, in an
embodiment, 1s configured to determine a search interval
corresponding to one or more secondary interrogators for
respective particles detected in the interrogation area. Sec-
ondary pulse detection window creator 506 also includes the
functionality to adjust the search interval based on laser delay
variation. The determination and adjustment of the search
interval for secondary pulses 1s described below with respect
to FIG. 6.

Secondary pulse parameter generator 508, 1n an embodi-
ment, 1s configured to determine parameters such as pulse
peak, pulse width, and pulse area, for each particle, based on
the primary pulse. Determination of secondary pulse param-
eters 1s described below with respect to FIG. 6.

Method to Generate Parameters

FIG. 6 1s a flow chart of a method 600 for generating

measurement parameters, such as pulse peak, pulse width,
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and pulse area, for a particle sample 1n a particle analyzer,
according to an embodiment of the present invention.

In step 602, a cellular sample 1s prepared for analysis 1n a
particle analyzer, such as a tlow cytometer. Sample prepara-
tion can include marking cells (also referred to as staining)
with fluorescents. As mentioned above, fluorescents bind to
specific cell types, and can be used to identify those cell types
when the cell sample 1s illuminated with approprniate laser
light.
In step 604, the cellular sample 1s interrogated 1n the inter-
rogation area. The interrogation of a particle sample includes
injection of the sample, with or without perturbation, into the
interrogation area and the interrogation of particles by probes
along the interrogation area.

The prepared cell sample, together with a sheath fluid, 1s
input to the particle analyzer. The mput to the interrogation
area can be controlled by configuring various features such as
nozzle size and sheath pressure. Nozzle sizes are configured,
for example, to accommodate various particle types. The
sheath pressure can determine the rate at which the particle
stream 1s 1njected 1nto the interrogation area. Thus the sheath
pressure can be configured according to a desired average
velocity of particles within the interrogation area.

In some embodiments, a perturbation signal can be applied
to the particle stream. For example, a perturbation generator
can mtroduce a pressure in the form of a sine wave to the
particle stream as 1t exits the nozzle. The perturbation can
increase (relative to having no perturbation) velocity differ-
ences among the particles as they flow through the interroga-
tion area.

Along the length of the interrogation area, 1.e., along the
flow path of the cell sample within the interrogation area,
multiple optical interrogators are positioned. In an embodi-
ment, the optical interrogators are 7 laser light sources, such
as laser diodes, and corresponding optical detectors. The
lasers can have wavelength ranges that may or may not over-
lap. The optical detectors are capable of sensing light scatter,
fluorescence, and other optical characteristics. As each par-
ticle passes through an interrogation area illuminated by a
laser source, the corresponding detector collects the resulting
optical signals. In this manner, optical signals corresponding
to each active optical interrogator are collected for each par-
ticle.

In step 606, pulses corresponding to the interrogations are
generated. The optical signals collected by each optical detec-
tor are then converted to respective electrical pulses. In an
embodiment, the photoelectrical conversion of optical signals
to electrical signal can be accomplished by a device such as a
photodiode, photomultiplier tube, or the like. In an embodi-
ment, steps 604 and 606 can be performed by particle inter-
rogator 103.

In step 608, the primary pulse 1s detected. The primary
pulse 1s the pulse relative to which the other pulses of the same
particle are measured. The primary pulse 1s associated with a
trigger interrogator, 1.¢., the iterrogator relative to which all
other interrogations are measured. In an embodiment, the
trigger optical interrogator 1s the first interrogator 1n the path
of the particle flow. In other embodiments, the trigger inter-
rogator can be selected as any one of the other interrogators.
As noted above, users can select different optical interroga-
tors as trigger interrogator based on the type of sample and
type of analysis.

In step 610, a primary pulse detection window 1s deter-
mined. The primary pulse detection window 1s defined by the
primary pulse. The two edges of the primary pulse detection
window are located at the points where the primary pulse
exceeds the predetermined pulse detection threshold value,
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1.¢., on the ascending and descending edges, respectively.
Thus, the width of the primary pulse detection window, 1n an
embodiment, 1s equal to the width of the primary pulse mea-
sured between the points at which the pulse exceeds the pulse
detection threshold.

In step 612, optionally, parameters corresponding to the
primary pulse are calculated. In an embodiment, the param-
cters calculated include the peak, width, and area of the pri-
mary pulse. In an embodiment, the highest value of the pulse
within the primary pulse detection window 1s determined as
the pulse peak. For example, a track and hold circuit can be
used to determine the peak. In another embodiment, a
memory buifer, such as a first in first out (FIFO) butier can be
initialized to null at the beginning of the primary pulse detec-
tion window, and updated with each successive value that 1s
higher than the current value in the builer, as the pulse 1s
traversed throughout the primary pulse detection window.

The primary pulse width, 1n an embodiment, 1s determined
as the distance (duration) between the half-peak point on the
ascending edge of the primary pulse and the half-peak point
on the descending edge. Other embodiments can use the
distance between the leading and trailing edges of the pulse
(the points of itersection with the predetermined pulse
detection threshold), or the distance between some percent-
age-ol-peak points on the ascending and descending edges of
the pulse.

The primary pulse area 1s determined by integrating the
pulse above a predetermined percentage of peak value. Thus
the pulse area 1s defined by the area under the curve between
the points corresponding to a predetermined percentage of
peak value. In another embodiment, the pulse area can be
determined by integrating the pulse between the points of
intersection with the predetermined pulse detection threshold
value.

With respect to the particle that triggered the primary pulse,
steps 614-620 can be repeated for each interrogator for which
a pulse 1s generated. In step 614, a search interval 1s deter-
mined 1n which to detect a secondary pulse corresponding to
one of the secondary interrogators. The search interval
defines a time duration in which the secondary pulse 1is
expected to be detectable 1n the incoming stream of pulses. In
an embodiment, the search interval can be determined based
on the primary pulse detection window and the laser delay
from the trigger interrogator to a selected secondary interro-
gator. For example, the search interval can be centered at a
distance from the primary pulse detection window that cor-
responds to the laser delay between the respective trigger and
secondary 1nterrogators. The laser delay can be predeter-
mined for each trigger mterrogator and secondary interroga-
tor pair. In another embodiment, the laser delay can be deter-
mined based on the spatial distance between the trigger
interrogator and secondary interrogator, and the average
velocity of particles 1n the interrogation area. The velocity of
the particles can be determined from known specifications of
the 1njection nozzle, sheath pressure, or can be estimated
based on the width of the primary pulse detection window. In
yet other embodiments, the velocity of particles can be deter-
mined based on dynamic measurements, such as, for
example, measuring the time elapsed for a particle to be
detected by interrogators between which the distance 1is
known. Also, as described above with respect to FIG. 4, the
amplitude of the applied perturbation, 1f any, can affect the
velocity of the particle and can affect the delay associated
with the particle arriving at the corresponding secondary
interrogator.

The duration of the search interval can be configured to be
equal to the width of the primary pulse detection window. In
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another embodiment, the duration of the search interval 1s
configured to be equal to the primary pulse detection window
plus a predetermined extension. The predetermined window
extension can be added equally to both sides of the search
interval such that the distance between the centers of the
search window and the primary pulse detection window 1s
maintained. In another embodiment, the search interval dura-
tion can be set according to a predetermined setting. The
extension 1s introduced to accommodate, to some extent, the
variance 1n arrivals of the pulses with respect to the original
detection window. The size of the extension can be statically
set, can be set based on the size of the corresponding primary
pulse detection window, or can be determined according to
the strength of the perturbation. For example, larger exten-
s10ns can be configured for larger amplitudes of perturbation,

and smaller extensions can be configured for small ampli-
tudes.

In an embodiment, a secondary pulse detection window 1s
determined such that 1t corresponds to the search interval. The
secondary pulse detection window, with respect to a selected
interrogator, 1s the time 1nterval during which the mmcoming
stream of pulses are mitially examined for the existence of the
corresponding secondary pulse. The detection of coincidence
and spillover, for example, are based on primary and/or sec-
ondary pulse detection windows. The sizing (i.e., setting the
duration) of the pulse detection window must balance the
tradeotil between making the window too big and permitting
increased coincidence events, and making the window small
and allowing the pulses to fall outside of the window. Making
the pulse detection widows large can also lead to problems of
one pulse detection window overlapping the pulse detection
window of an adjacent interrogator.

In step 616, the search interval 1s adjusted based upon laser
delay varniation. In an embodiment, the search interval ini-
tially corresponds to the secondary pulse detection window.
According to the embodiment, the search interval 1s expanded
to include durations before and/or after the secondary pulse
detection window, so that the corresponding pulse can be
detected even 11 1t has arrived early or late with respect to the
secondary pulse detection window due to laser delay varia-
tion. FIG. 7 1s an 1llustration of an embodiment 1n which the
search interval 1s adjusted by expanding beyond the second-
ary pulse detection window. In another embodiment, the sec-
ondary pulse detection window includes the expanded dura-
tions. The expanded durations can be determined, for
example, based on the state or amplitude of the perturbation at
the time the particle exits the nozzle.

According to some embodiments, for example, embodi-
ments in which the search interval comprising the secondary
pulse detection window and the expanded durations, and
embodiments 1n which the search interval corresponds to an
expanded secondary pulse detection window, the search inter-
val can be dynamically modified to avoid collisions between
adjacent windows. For example, upon detecting a collision of
an expanded search interval, the search interval can be trun-
cated, or adjusted, to not overlap the colliding search interval.

In another embodiment, the search interval corresponds to
the secondary pulse detection window, and the search interval
1s adjusted by shifting or moving it to occur either forward or
backward in time with respect to 1ts 1mitial position. The
search interval 1s moved based upon whether the expected
laser delay variation will result 1n the pulse arriving before or
alter the mitial position. FIG. 11 1s an illustration of an
embodiment 1n which the search interval and/or a correspond-
ing secondary pulse detection window 1s moved with respect
to 1ts 1nitial position based on expected laser delay variation.
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In step 618, the corresponding secondary pulse 1s detected
in relation to the adjusted search interval. In an embodiment,
the pulse corresponding to the secondary pulse detection
window 1s determined as the pulse having a substantial por-
tion of 1t withun the corresponding pulse detection window. In
an embodiment, if more than one pulse 1s seen to be within a
window, at least partially, the pulse with more of 1t within the
window 1s considered the pulse corresponding to the respec-
tive window. In another embodiment, the pulse with the
higher peak value 1s considered. In other embodiments, the
respective window can be adjusted to include only a single
pulse.

In step 620, parameters corresponding to the secondary
pulse are determined. In an embodiment, having found the
corresponding secondary pulse in step 618, the pulse as
defined by the pulse above a threshold pulse detection value
and/or above a predetermined percentage of peak value 1s
considered regardless of whether the entirety of such portions
lie within the secondary interrogation window. For example,
in an embodiment, portions of the pulse detected within an
expanded search interval are considered along with the por-
tions within the corresponding secondary pulse detection
window. In another embodiment, for example, in which the
pulse detection window was moved 1n response to expected
laser delay variation, the secondary pulse can be detected
based on portions of the pulse substantially within the sec-
ondary pulse detection window.

The secondary pulse 1s processed to determine the pulse
peak value based on the entire pulse above the pulse detection
threshold. In an embodiment, a track-and-hold circuit can be
employed to determine the peak of the pulse. For example, the
pulse can be tracked for higher values starting from any
previously determined values for the peak of the same pulse,
such as a peak value determined at the time the corresponding
secondary pulse detection window was created. In another
embodiment, a memory buifer, such as a FIFO buftler, can be
initialized to null at the point the secondary pulse exceeds the
pulse detection threshold and updated with each successive
value that 1s higher than the current value 1n the buffer, as the
pulse 1s traversed. In yet another embodiment, a FIFO butler
can be mitialized with the value of any previous peak deter-
mination for the same pulse, such as a peak value determined
at the time of secondary pulse detection window creation, and
updated with each successive value that 1s higher than the
current value 1n the butifer as the pulse 1s traversed.

The secondary pulse can also be processed to determine the
pulse width. The secondary pulse width, 1n an embodiment, 1s
determined as the distance (duration) between the half-peak
value on the ascending edge of the primary pulse and the
half-peak value point on the descending edge. Other embodi-
ments can use the distance between the leading and trailing
edges of the pulse (e.g., the points of intersection with the
predetermined pulse detection threshold), or the distance
between some percentage-ol-peak points on the ascending
and descending edges of the pulse.

The secondary pulse area 1s determined by integrating the
pulse above a predetermined percentage of peak value. Thus
the pulse area 1s defined by the area under the curve between
the points corresponding to a predetermined percentage of
peak value. In another embodiment, the pulse area can be
determined by integrating the pulse between the points of
intersection with the predetermined pulse detection threshold
value.

Calculating pulse parameters for secondary pulses by mov-
ing outside of the respective pulse detection windows yield
substantial improvements 1n the accuracy of those param-
cters. For example, conventionally the peak of a secondary
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pulse was determined as the highest value within the respec-
tive pulse detection window and therefore can not return the
actual peak of the pulse 1n cases where the actual peak was
outside the window (e.g. outside the window including the
window extensions). In embodiments of the present mven-
tion, by moving beyond the detection window to track the
secondary pulse, the parameters can be determined with accu-
racy even when a substantial portion of the pulse lies outside
the detection window.

Detecting Pulse Outside of the Pulse Detection Window

FI1G. 7 1s an illustration of a method 700 to create a search
interval that expands beyond a corresponding pulse detection
window. In an embodiment, method 700 performs the pro-
cessing steps of the adjusting step 616 described above.

In step 702, portions of the secondary pulse within the
corresponding secondary pulse detection window are
detected. The secondary pulse detection window, {for
example, can be created 1n step 614 as described above. In an
embodiment, the secondary pulse detection window 1is
defined corresponding to the initial search interval for the
particle being interrogated.

As noted above, due to laser delay vanations, the pulse
corresponding to the particle under interrogation can have
portions of 1t arriving before or after the secondary pulse
detection window. In step 702, the portions of the pulse that 1s
within the secondary pulse detection window 1s determined.

In step 704, the search interval 1s increased to include areas
before and/or after the corresponding secondary pulse detec-
tion window. For example, 11 the portions of the pulse within
the secondary pulse detection window 1ndicate that the pulse
arrived early with respect to the center of the window, then the
search window 1s adjusted by expanding to include a time
interval betfore the secondary pulse detection window. If the
portions of the pulse within the secondary pulse detection
window indicate that the pulse arrived late with respect to the
center of the window, then the search window 1s adjusted by
expanding to include a time 1nterval after the secondary pulse
detection window. In another embodiment, i1 1t 1s determined
that the pulse exceeded the secondary pulse detection window
both before and after, then the search window 1s adjusted by
expanding to include time intervals both before and after the
secondary pulse detection window. The adjusted search win-
dow 1s then used to determine parameters of the secondary
pulse, for example, as 1n steps 618-620 described above.
Determining Peak of Secondary Pulse

FIG. 8 1s a method 800 to determine the peak value of a
secondary pulse, according to an embodiment of the present
invention. In an embodiment, method 800 can be performed
in step 620.

In step 802, the pulse peak value 1s initialized to the highest
value of the corresponding pulse within the detection win-
dow.

In step 804, a threshold value for pulse detection 1s deter-
mined. In an embodiment, the threshold i1s determined as a
predetermined percentage of the current peak value. In
another embodiment, the threshold 1s determined as a prede-
termined percentage of the peak value of the primary pulse. In
yet other embodiments, the threshold can be an absolute value
or a nominal value above a noise threshold.

In step 806, the pulse, including portions of the pulse
outside of the detection window, 1s processed to determine the
actual peak value. For example, 1n an embodiment, the pulse
outside the pulse detection window but within the search
interval 1s processed beginning at the point where it exceeds
the detection threshold. In an embodiment, during the pro-
cessing of the pulse, the highest value of the pulse detected up
to that point 1s repetitively stored 1n a memory bufler. The
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value remaining in the butfer at the completion of processing
the pulse 1s taken as the peak value of the secondary pulse.

In an embodiment, step 802 1s implemented 1n a first 1tera-
tion of processing the pulses, and steps 804 and 806 are
implemented 1 a second iteration of processing. For
example, 1n the first iteration ol processing the mcoming
pulse signals from the particle interrogator, the pulse analyzer
can create the windows for the primary and secondary inter-
rogators. The parameters for the primary interrogator can also
be determined during the first iteration of processing. Also,
for each secondary pulse, an 1mnitial peak value can be deter-
mined (e.g., such as 1n step 802 above) during the first 1tera-
tion of processing. In the second iteration ol processing,
sometimes also referred to as reprocessing of the pulse sig-
nals, the determination of the secondary pulses relative to the
previously determined secondary windows and the process-
ing of the secondary pulses by moving beyond the boundaries
of the windows can be implemented.

In an embodiment, reprocessing of pulses 1s implemented
by storing the pulses or parts thereof 1n a FIFO 1n the order
they are received in the pulse analyzer and digitized. The
buifers 1n the FIFO can be processed 1n a first iteration of
processing. Based on the position of the buffers correspond-
ing to the relevant detection windows, and if the relevant
butters are still available in the FIFO, bufiers before and after
the butlers corresponding to the detection window can be
processed 1n the second iteration of processing.

Setting Secondary Pulse Detection Window

FIG. 9 1llustrates a method 900 for creating a search inter-
val and/or secondary pulse detection window, according to an
embodiment of the present mvention. In an embodiment,
method 900 can be included 1n the processing of step 614
described above to create a search interval and/or secondary
pulse detection window.

In step 902, the time at which the primary pulse detection
window occurred 1s determined. In an embodiment, the time
1s determined as the time at which the window 1s mnitiated. In
another embodiment, the time 1s determined as the time at the
mid-point of the window.

In step 904, the duration of the primary pulse detection
window 1s determined. The duration (also referred to as the
width of the window) of the primary pulse detection window
1s determined by the duration in which the primary pulse
remains above the pulse detection threshold value.

In step 906, the distance between the primary interrogator
and the subject secondary interrogator 1s determined. In an
embodiment, this distance can be determined based on con-
figuration information.

In step 908, the velocity of the particle 1s determined. In an
embodiment, the average velocity of particles 1s determined
based on sheath pressure configurations or nozzle configura-
tions. In an embodiment, the velocity of the particle can be
determined based on the width of the primary pulse. In
another embodiment, the velocity of the particles can be
determined based on the configuration of a nozzle through
which the cellular sample 1s 1njected 1nto the interrogation
area. For example, the nozzle can be configured to inject the
cellular stream at a predetermined rate of tlow.

In step 910, a time of occurrence for the secondary window
1s determined. In an embodiment, the time of occurrence for
the secondary window 1s calculated based on the time of
occurrence for the primary pulse detection window, the dis-
tance from the primary interrogator to the secondary interro-
gator, and the velocity of the particle. In an embodiment, the
time of occurrence 1s determined as the time at which the
leading edge of the window occurs. In another embodiment,
the time of occurrence 1s the time at which the mid-point of
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the window. The time of occurrence 1s measured to be con-
sistent with the manner 1n which the time of occurrence of the
primary pulse 1s determined. Measuring distance between the
primary and secondary pulse detection windows based upon
the center of the respective windows would eliminate the
variance 1introduced by changes to the pulse detection thresh-
old. For example, changing the pulse detection threshold
changes the time of occurrence of the primary pulse detection
window 1f the distance 1s measured from the leading edge of
the window because the location of the leading edge of the
window changes based on the point at which the pulse reaches

the threshold value.

In step 912, the width of the secondary pulse detection
window 1s configured. In an embodiment, the width of the
secondary pulse detection window 1s determined as the width
of the primary pulse detection window plus a window exten-
sion. The duration of the window extension can be precon-
figured or dynamically determined based upon factors such as
the corresponding laser delay and perturbation amplitude
applied to the cell stream. As described above, when dynami-
cally determining the width of the secondary pulse detection
window, the widths of the respective windows can be adjusted
to avoid collisions or overlaps with adjacent windows.
Predictive Window Adjustments

FIG. 10 1s an illustration 1000 of how the phase of a
perturbation signal, such as the perturbation signal applied to
the particle stream by perturbation generator 124, introduced
to the cell stream 1mpacts the arrival of particles at respective
interrogators. In the examples shown, the trigger interrogator
was configured to be the first interrogator (1.e., interrogator
closest to the nozzle). Graphs 1002, 1004, 1006, and 1008,
respectively, show the change in laser delay variance for
interrogators 2, 4, 5, and 7 which are located at increasing
distances to the trigger interrogator. Likewise, graphs 1010,
1012, 1014, and 1016, show the correspondence of the laser
delay variation seen at interrogators 2, 4, 5, and 7, respec-
tively, as a function of the phase of the perturbation signal
applied to the cell stream. The graphs 1llustrate that the vari-
ance of the laser delay, 1.e., the variance in arrival times,
increases as the distance from the primary interrogator 1is
increased. The graphs also 1llustrate that the laser delays, e.g.,
arrival times of the particles at the secondary windows, are
related to the phase of the perturbation signal. For example,
graphs 1010-1016 1llustrate wavelforms representing the laser
delay at each secondary window as a function of the event
phase of the perturbation signal. The perturbation signal can
be wavelorm 1n the shape of a sine wave. For example, the
variation 1n the amplitude of the perturbation wave can be a
sine wave. Graphs 1010-1016 show sine waves that corre-
spond to the sine wave generated at the perturbation generator
that introduces the perturbation signal to the cell stream.
Graph 1018 illustrates the particles 1021 that arrived before
and the particles 1022 that arrived after the mid-point of the
statically set window 1020. Populations 1021 and 1022 cor-
respond to the aggregation of color-gated values at the top and
bottom, respectively, of the sine waves shown 1n graphs 1010-
1016. Thus, it 1s observed that the arrival relative to a stati-
cally set window at a secondary interrogator can be viewed as
a function of the perturbation signal, or more specifically, the
phase of the perturbation signal.

FIG. 11 1s method 1100 to predictively determine a sec-
ondary pulse detection window, according to an embodiment
of the present invention. In an embodiment, method 1100 can
be performed 1n adjusting step 616, described above, to adjust
a search interval and/or corresponding secondary pulse detec-
tion window.
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In step 1102, the phase of the perturbation signal 1s deter-
mined relative to a particle. For example, the phase of the
perturbation signal, e.g. whether it 1s 1n the positive phase or
the negative phase of a sine wave 1s determined. This can be
determined by tracking the phase of the perturbation wave
and relating 1t to the particle at the first interrogator. In an
embodiment, a particle seen at the first interrogator 1s related
to the phase of the perturbation signal subject to a predeter-
mined delay.

In step 1104, the secondary pulse detection window 1s
determined, according to an embodiment of the present
invention. In an embodiment, a statically set or dynamically
determined secondary pulse detection window 1s moved
based on the phase of the perturbation signal relative to the
particle. For example, if the particle 1s related to the positive
part of the sine wave representing the perturbation signal,
then the detection window can be advanced from 1ts current
position, and 11 the particle is related to the negative part of the
sine wave representing the perturbation signal, then the detec-
tion window can be delayed with respect to 1ts current posi-
tion. Furthermore, 1n an embodiment, the window width of
the detection window can be adjusted based on the amplitude
of the sine wave at the position related to the particle. For
example, the window can be made wider for larger ampli-
tudes, and narrower for smaller amplitudes.

The foregoing description of the mvention has been pre-
sented for purposes of 1llustration and description. It 1s not
intended to be exhaustive or to limit the mvention to the
precise form disclosed, and other modifications and varia-
tions may be possible 1 light of the above teachings. The
embodiment was chosen and described in order to best
explain the principles of the mnvention and its practical appli-
cation to thereby enable others skilled 1n the art to best utilize
the invention 1 various embodiments and various modifica-
tions as are suited to the particular use contemplated. It 1s
intended that the appended claims be construed to include

other alternative embodiments of the invention except insofar
as limited by the prior art.

The mvention claimed 1s:

1. A method of generating measurement parameters for a

particle sample 1n a particle analyzer, comprising:

(a) interrogating the particle sample with interrogators
respectively positioned along a length of an interroga-
tion area, the interrogators comprising a triggering inter-
rogator and one or more secondary interrogators;

(b) generating respective pulses based upon the interroga-
tion of a first particle from the particle sample, wherein
the pulses comprise a triggering pulse corresponding to
the triggering interrogator and a secondary pulse corre-
sponding to one of the secondary interrogators;

(¢) determining a primary pulse detection window based
upon the triggering pulse;

(d) determining a search interval to find the secondary
pulse based upon factors including the primary pulse
detection window and a velocity of the first particle;

(e) adjusting the search interval for variation in the velocity
of the first particle dynamically based on the interroga-
tion of the first particle;

(1) identifying the secondary pulse 1n the adjusted search
interval; and

(g) processing the secondary pulse to determine a peak
value of the secondary pulse.

2. The method of claim 1, further comprising: (h) process-

ing the secondary pulse to determine a pulse width value of
the secondary pulse.
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3. The method of claim 2, wherein the pulse width value 1s
a predetermined percentage of the peak value of the second-
ary pulse.

4. The method of claim 1, wherein the adjusting step (e)
COmMprises:

determining a size of adjustment based upon the interro-

gation of the first particle; and

increasing the search interval in proportion to the size of

the adjustment.

5. The method of claim 1, wherein the search interval
comprises a secondary pulse detection window determined
based upon factors including the primary pulse detection
window and the velocity of the first particle, and wherein the
adjusting step (e) comprises: identifying portions of the sec-
ondary pulse 1n the secondary pulse detection window; and
expanding the search interval to include portions of the sec-
ondary pulse outside of the secondary pulse detection win-
dow.

6. The method of claim 5, wherein a duration of the sec-
ondary pulse detection window substantially equals a dura-
tion of the primary pulse detection window plus a predeter-
mined window extension.

7. The method of claim 5, wherein processing the second-
ary pulse step (g) comprises: (1) determining an initial peak
value for the secondary pulse based upon portions of the
secondary pulse 1nside the secondary pulse detection win-
dow:

(11) detecting the secondary pulse at a predetermined

threshold of the mitial peak value; and

(11) repetitively storing a highest value detected for the

secondary pulse.

8. The method of claim 7, wherein steps (11)-(111) are per-
formed during a reprocessing of the secondary pulse.

9. The method of claim 1, wherein determining a search
interval step (d) comprises:

determining a time of occurrence for the primary pulse

detection window;

determining a laser delay between the triggering interro-

gator and the secondary interrogator; and

calculating a time of occurrence for the secondary pulse

detection window based upon the time of occurrence for
the primary pulse detection window and the laser delay.

10. The method of claiam 9, wherein the laser delay 1s
determined based on a separation distance from the primary
interrogator to the secondary interrogator and a velocity of the
first particle.

11. The method of claim 9, wherein the determining a
search interval step (d) further comprises:

determining a duration of the primary pulse detection win-

dow; and

setting a duration of the secondary pulse detection window

based on the duration of the primary pulse detection
window.

12. The method of claim 11, wherein the setting the dura-
tion of the secondary pulse detection window 1s further based
on a predetermined window extension.

13. The method of claim 10, wherein the distance 1s mea-
sured from the center of the primary pulse detection window.
14. The method of claim 1, wherein step (¢) comprises:
detecting a first and second position on the triggering pulse

corresponding to a predetermined pulse threshold; and
determining the primary pulse detection window based
upon the first and second positions.

15. The method of claam 1, wherein the search interval
comprises a secondary pulse detection window determined
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based upon factors including the primary pulse detection
window and the velocity of the first particle, and wherein the
adjusting step (e) comprises:

detecting characteristics of a perturbation signal applied to
the first particle; and

shifting the secondary pulse detection window based upon
factors including the primary pulse detection window
and the characteristics of the perturbation signal.

16. The method of claim 15, wherein the perturbation
signal 1s applied at a nozzle through which the particle sample
1s passed, and wherein the nozzle 1s positioned before the
interrogators.

17. The method of claim 15, wherein the characteristics
include a phase of the perturbation signal during which the
signal 1s applied to the first particle.

18. The method of claim 17, wherein the perturbation
signal 1s a sine wave.

19. The method of claim 1, further comprising:

(1) reporting the peak value of the secondary pulse.

20. A method of generating measurement parameters for a
particle sample 1n a particle analyzer, comprising:

(a) interrogating the particle sample with interrogators
respectively positioned along a length of an interroga-
tion area, the interrogators comprising a triggering inter-
rogator and one or more secondary interrogators;

(b) generating respective pulses based upon the interroga-
tion of a first particle from the particle sample, wherein
the pulses comprise a triggering pulse corresponding to
the triggering interrogator and a secondary pulse corre-
sponding to one of the secondary interrogators;

(¢) determining a primary pulse detection window based
upon the triggering pulse;

(d) determining a secondary pulse detection window based
upon factors including the primary pulse detection win-
dow and a velocity of the first particle;

(¢) detecting characteristics of a perturbation signal
applied to the first particle;

(1) shifting the secondary pulse detection window based
upon the characteristics of the perturbation signal;

(g) 1dentitying the secondary pulse 1n an adjusted search
interval; and

(h) processing the secondary pulse to determine measure-
ment parameters of the secondary pulse.

21. A particle analyzer, comprising:

at least one processor;

a particle imnterrogator coupled to the at least one processor
and configured to: interrogate a particle sample with
interrogators respectively positioned along a length of a
particle flow, the interrogators comprising a triggering,
interrogator and one or more secondary interrogators;
and

generate respective pulses based upon the interrogation of
a first particle from the particle sample, wherein the
pulses comprise a triggering pulse corresponding to the
triggering 1nterrogator and a secondary pulse corre-
sponding to one of the secondary interrogators; and

a pulse analyzer coupled to the at least one processor and
comprising;:

a primary pulse detection window creator configured to:

determine a primary pulse detection window based upon
the triggering pulse;

a secondary pulse detection window creator configured to:

determine a search interval to find the secondary pulse
based upon factors including the primary pulse detection
window and a velocity of the first particle; and

adjust the search interval for variation 1n the velocity of the
first particle dynamically based on the first particle; and
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a secondary pulse parameter generator configured to:

identily, the secondary pulse 1n the adjusted search inter-
val; and

process the secondary pulse to determine a peak value of
the secondary pulse.

22. The apparatus of claim 21, further comprising:

a data analyzer coupled to the at least one processor and
configured to receive parameters from the pulse ana-
lyzer; and

a display coupled to the at least one processor.

23. The apparatus of claim 21, wherein the search interval

comprises a secondary pulse detection window determined

based upon factors including the primary pulse detection
window and the velocity of the first particle, and wherein the
secondary pulse detection window creator 1s further config-
ured to:
identily portions of the secondary pulse in the secondary
pulse detection window; and
expand the search interval to include portions of the sec-
ondary pulse outside of the secondary pulse detection
window.
24. The apparatus of claim 21, wherein the search interval

comprises a secondary pulse detection window determined
based upon factors including the primary pulse detection
window and the velocity of the first particle, and wherein the
secondary pulse detection window creator 1s further config-
ured to:
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detect characteristics of a perturbation signal applied to the
first particle; and

shift the secondary pulse detection window based upon
factors including the primary pulse detection window
and the characteristics of the perturbation signal.

25. A computer program product comprising a non-transi-
tory computer usable medium having control logic stored
therein for causing a computer to generate parameters for a
particle sample with interrogators respectively positioned
along a length of an interrogation area, the interrogators coms-
prising a triggering interrogator and one or more secondary
interrogators, said control logic comprising;

determining a primary pulse detection window based upon
a triggering pulse;

determining a search interval to find the secondary pulse

based upon factors including the primary pulse detection
window and a velocity of the first particle;

adjusting the search interval for vaniation in the velocity of
the first particle dynamically based on the first particle;

identitying the secondary pulse in the adjusted search
interval; and

processing the secondary pulse to determine a peak value
of the secondary pulse.
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